Algal blooms at the major water treatment plants in Egypt have been reported since 2006. While previous studies focused on algal types and their correlation with disinfection by-products, correlation between raw water quality and algal blooms were not explored. Therefore, a survey of Nile water quality parameters at a major water intake in the Greater Cairo Urban Region was conducted from December 2011 to November 2012. Bench-scale experiments were conducted to evaluate the effectiveness of the conventional chloride/alum treatment compared with combined Cl/ permanganate pre-oxidation with Al and Fe coagulants during the outbreak period. Addition of permanganate (0.5 mg/L) significantly reduced the chlorine demand from 5.5 to 2.7 mg/L. The applied alum coagulant dose was slightly reduced while residual Al was reduced by 27% and the algal count by 50% in the final treated waters. Applying ferric chloride and ferric sulfate as coagulants to waters treated with the combined pre-oxidation procedure effectively reduced algal count by 60% and better the total organic carbon reduction and residual aluminum in the treated water.
INTRODUCTION
Since 2006, specifically in September/October, incidents of algal blooms involving the major water treatment plants all over the country have been reported by the Egyptian media. The increase in algal growth was attributed to the extended storage time of raw water on site before treatment as well as the lack of regular maintenance and pipe cleansing, an event scheduled every 6 months (Al Ahram Newspaper, 28 September 2006) . Also, the prolonged residence time of water masses in the distribution system was reported to promote unexpected algal growth and microbial re-growth. Eventually, this caused an increase in algal toxins within the water distribution system during this period which was reflected by reports of at least 85 sick and one This is mainly because the removal of algal cells as suspended solids may reduce the associated soluble toxins that may impair the physico-chemical water treatment systems. In Egypt, a typical drinking water treatment system comprises stages of pre-chlorination, flocculation/coagulation with alum, filtration (14 sand and carbon filters), postchlorination, and settling in distribution tanks (Donia ) . In this set-up, pre-chlorination is regarded as the most important stage for the control of bacteria and algal growth (El-Dib & Rizka ; Donia ; Badawy et al.
)
; therefore, a number of studies were conducted to investigate the contribution of this stage toward the formation of disinfection by-products in the final treated waters and to set recommendations for its application (El-Dib & Rizka ; Donia ; Badawy et al. ). Nonetheless, in a review by Donia () , it was suggested that there was a need to upgrade the current treatment technologies in Egypt in order to efficiently handle the recent added loads of chemical and biological pollutants transported through surface and drinking water systems. However, there has been no investigation exploring the relationship between the raw water quality parameters and the reported algal blooms. Also, no study has been conducted to evaluate the impact of the current applied treatment procedures upon the final treated water parameters in case a combined preoxidation stage was applied.
Thus, the aim of the current study was to survey the water quality parameters of Nile surface water at El-Maadi, Greater Cairo Urban Region (Figure 1 In addition, an investigation of methods to improve the efficiency of the current applied pre-oxidation/coagulation procedure through use of a combined pre-oxidation (permanganate and chlorine) and the use of the different coagulants (alum, ferric chloride and ferric sulfate) was undertaken during the algae outbreak period. Finally, the effect of this combined pretreatment/coagulation upon the final main water parameters and the residual metal (aluminum/iron) concentration in the treated water was assessed using multivariate statistical analysis.
MATERIALS AND METHODS

Sampling site
The sampling site is located at El-Maadi district (Figure 1) 
Jar test experiments: pre-oxidation and settling tests
Jar tests were conducted to evaluate algal removal by pre-oxidation followed by coagulation using a six-paddle stirrer (JLT 6, VELP Scientifica, Italy) in surface water samples at room temperature (about 20 W C). This method was used to determine the optimal oxidant as well as the coagulant demand/dose (APHA ).
Statistical analysis of data
Cluster analysis was performed using Ward's method for minimum variance and the similarity coefficient used was the square Euclidean distance function using 'StatistiXL 
RESULTS AND DISCUSSION
Nile water quality and algal types present in raw Nile waters Multivariate statistical analysis of raw water data and its correlation with algal types
Generally, it has been reported that the important factors controlling algal growth are light, temperature, the chemical composition of water and its acidity or alkalinity The monthly data represents the mean value of 4 weeks determinations averaging (4 × 4) or (4 × 5) replicates. (Shen et al. ) . However, to better explain the dependency of the algal content of these waters upon the measured parameters, hierarchal cluster analysis was performed using the analytical data obtained for the raw waters and the identified types of algae present and the result is depicted in a dendrogram (Figure 2) . The dendrogram indicated the split of the data into 17 clusters that were grouped into two main groups. The first of the multi-cluster groups indicated that the Euglenophyta content was strongly dependent upon the total alkalinity (CaCO 3 ) and the TDS of these waters. This may be attributed to the fact that Euglenophyta may utilize these and 50 mg alum/L was effective for turbidity reduction in most waters (Noblet ) . Figure 4 shows the variation in percentage algal removal using an alum dose from 5 to 30 mg/L in pre-chlorinated waters. Applying 5 mg alum/L to the pre-chlorinated waters achieved an initial algal removal efficiency of 60% and 80% for the lowest and highest algal counts, respectively. However, in order to achieve the 1.0 NTU WHO limit target, a higher alum dose of 30 mg/L and 25 mg/L was applied for 15 minutes and 30 minutes contact time, respectively. This achieved 86% and 89% reduction in final water turbidity for the respective contact times. In addition, these reductions were obtained for unbuffered waters and may benefit from the fact that alum addition to alkaline raw waters decreased the pH to the acidic range for an efficient coagulation and Enhanced algal control and removal using combined chlorine/permanganate pre-oxidation
As indicated previously, while the major concern for the use of chlorine and its derivatives in water disinfection is the formation of chlorinated by-products, the application of However, it is important to note that the action of aluminum and ferric salts depends upon their hydrolyzed form and their soluble complexes that possess high positive charge as well as upon an acidic pH range.
To confirm the effectiveness of these metal salts in coagulation using the combined permanganate/chlorine pre-oxidation, the residual turbidity and percentage algal removal of the raw and final treated waters were monitored after applying the coagulant doses (5-30 mg/L). Figure 6 shows that the application of these metal salts to Cl/ KMnO 4 pretreated raw waters achieved algal removals of over 90% at a dose as low as 10 mg/L. Figure 7 indicates that the maximum percentage algal removal and lowest residual turbidity was achieved using alum, ferric chloride and ferric sulfate doses ranging between 25 to 28 mg/L, 15 to 20 mg/L and 20 to 25 mg/L, respectively. Nonetheless, Al salts were reported to have a better capacity for turbidity removal and be more effective at lower doses than ferric salts, while ferric salts are more effective in NOM removal and are not as sensitive to temperature changes as alum (Matilainen et al. ) . Table 3 Hierarchal cluster analysis was performed on the final treated water main parameters and the results are shown in a dendrogram (Figure 8 ). From this figure, it can be seen that the reduction in algal count was dependent upon the sulfates and chloride content of the final treated waters. In addition, the reduction in TOC is strongly dependent upon the pH while the reduction in turbidity is more directly related to the hydrolyzed metal ions.
CONCLUSION
The relationship between the Nile surface waters quality parameters and the occurrence of algae was investigated using multivariate statistical analysis. The data revealed that Chlorophyta and diatoms contents were the major contributors towards the measured total algal count and that the Euglenophyta content was strongly dependent upon the total alkalinity (CaCO 3 ) and the TDS of these waters. Cyanophyta also showed a strong dependency upon all chemical parameters measured as well as on Euglenophyta in these waters. As well, the effectivity of the current treatment procedure using pre-chlorination/alum on the clarification of the final treated water was investigated relative to the application of a combined KMnO 4 /chlorine/ coagulant stage. The results indicated that this application of KMnO 4 was effective in reducing the chlorine demand while maintaining an acceptable residual content. The use of the combined chlorine/permanganate pretreatment using alum, ferric chloride and ferric sulfate improved residual turbidity of the treated waters and enhanced percentage algal removal. Moreover, the finished water quality after the application of the combined pre-oxidation treatment for the raw water favored the application of ferric chloride and ferric sulfate. The study also revealed that the sulfates and chlorides ions contents were more responsible for the reduction in total algal count while the hydrolyzed metal ion was effective in the reduction of the final water turbidity. Economically, 1 kg of commercial permanganate costs 300 Egyptian pounds and 1 L of commercial NaOCl (14%) used at water treatment plants costs 30 Egyptian pounds. However, without changing much of the current treatment system, the application of permanganate would be safer and reduce the health hazards associated with the chlorine addition.
